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• The Super-Kamiokande Gd project aims to improve the insight of SK into the Universe and its history. Main target

is the discovery Diffuse Supernova Neutrino Background (DSNB)

• It needs of many tons of Gd salt; they must have very low RI levels not to jeopardize relevant SK physics and the

main SK-Gd physics goals.Also carefull with light emitting contamination

• Gd “out of the shelf” in the market is ”hot” à a new purification process is mandatory

• And thus is a procedure to measure/control those extremely low RI Gd. Base systems:

o ICPMS only for very long lifetime RI (and other stable contaminants)

o HP Ge detectors for all RI (that produce𝛄S in their decays)

• the Gd salt is produced in many batches (typically 2 x ton); all must be screened. 27 batches screened for T1;

• but HP Ge techniques are slowà global effort needed: Boulby Underground Laboratory, Canfranc Underground

Laboratory and Kamioka Observatory involved.

• Results, discussion etc.

Introduction / Outline 



è 𝛎 tagging at inverse β reaction 

è access DSNB after very much reduced background 
In addition:
� high precision solar-𝛎 elements from

available reactor 𝛎S

� SN early warning from Si burning 𝛎S

� Much improved background at proton
decay searches

� …

Super-K Gd:
neutron tagging
by  Gd   capture

–
–

See M. Vagins’ 
talk tomorrow 



è 𝛎 tagging at inverse β reaction 

è access DSNB after very much reduced background 
In addition:
� high precision solar-𝛎 elements from

available reactor 𝛎S

� SN early warning from Si burning 𝛎S

� Much improved background at proton
decay searches

� …

Super-K Gd:
neutron tagging
by  Gd   capture

–
–

See M. Vagins’ 
talk tomorrow 



• In SK-Gd many tons of Gd salt [ Gd2(SO4)3 • 8H2O] will be uniformly dissolved along the
whole SK volume, thus it will any RI contamination in the Gd salt

à this might jeopardize relevant low energy SK physics
à and the main SK-Gd physics goals (mostly low E physics as well)

è The Gd salt must have the corresponding very low RI levels

how low RI is needed (I) ?

• Spontaneous Fission (SF)à neutrons, 𝛄S (these can have significant energy) 
• α decays à α (4He2) particles  à neutrons from (α, n) reactions
• β decays à β particles (electrons) rather dangerous 
• nucleus stabilization after decay processes à 𝛄S   (less energetic than SFS )
• special care when 𝛄S, neutrons, β are produced in coincidence

Main radiation produced by radioactive isotopes from contaminations: 

In SK-Gd, 
radioactive contamination in the Gd salt is an issue



238U Spontaneous Fission:
• coincidence n – γ (Eγ>10 MeV)
• irreducible background !
• fortunately not a serious issue

Background for DSNB

solar-𝛎 in accidental coincidence with
neutrons or βs from radioactivity
very suppressed (solar final E>10 MeV)

Background for lowest Energy solar ν

208Tl β-decay
[Qβ= 5.0 MeV]

à SK-IV E cut

Rec. E spectrum in SK of βs 208Tl

approximate E spectrum of gamma
cascade from Gd neutron capture 

βs from 232Th (208Tl, 212Bi),
238U chains (214Bi)
• very severe bkg. source

Gd captures of neutrons
produced by the radioactive
contamination
• sizable but less severe

how low RI is needed (II) ?



how low RI is needed (III) ?
DSNB
• Expected signal at SK: ~5 events / year / FV 
• Estimated bkg. from  238U Spontaneous Fission:  ~ 0.12 [𝛄 ( E𝛄> 10.5 MeV) + 1 n ] / year / FV / mBq

Low energy solar neutrino: 
• Approximated solar neutrino candidate event rate at SK:  ~260 candidates / day / FV 
• Estimated background solar neutrino candidates at SK: 

o Neutrons from (𝛂, n) on Oxygen  (𝛂 from U isotope decays):  ~ 6 bkg. candidates / day / FV / mBq
o Th / Ra (𝞫, 𝛄): ~ 3 x 103 bkg. candidates / day / FV / mBq
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P. Fernández Menéndez,  Ph.D. Thesis UAM 2017



Gd2(SO4)3 “regular market” survey: radioactivity contaminations  ( ~2015)

� Rather dirty
� Superk-Gd could not afford those amounts of RIs  ⏎

Units are mBq/Kg; limits are at 95% CL s                work done mostly at the Canfranc Underground Laboratory                         

But, how clean Gd can you get  from regular world market ?



è a new, non standard purification process is a must
è successful R&D program by Nippon Ytrium Co. (NYC) and ICRR – U. Tokyo

– see the soon-to-be-published publication with all these works –
• this “very clean” [ Gd2(SO4)3 • 8H2O] needs to be produced in 0.5 ton batches;
• SK-Gd phase T1 : 27 batches total

June 2015

Typical activities of salts in the market @2015:
(extracted from previous slide) Physics based requirements

must !

In addition, the presence of fluorescent ions such as Ce may impact the detection of Cherenkov light.
è The concentration of Ce ions is also restricted in the Gd2(SO4)3 · 8H2O material: < 50 ppb
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• those nuclides in radioactive chains which contaminate Gd2(SO4)3 · 8H2O may not be in secular
equilibrium with their long-lived parents and daughters. Several techniques ought to be used:

o high purity Germanium (HPGe) 𝛄 spectrometry to measure the activity of the early and late
parts of all decay chains which could affect SK-Gd physics sensitivities.

o inductively-coupled plasma mass spectrometry (ICP-MS) to measure the long-lived members of
the U and Th decay chains (238U and 232Th isotopes). Also for Ce

• Special ICP-MS techniques* developed in KObs to reach SKGD sensitivities for 238U, 232Th isotopes
• Regular ICP-MS (KObs, UAM) can reach sensitivities well below the Ce limit

• HPGe 𝛄 spectrometry can also infer the activity of long-lived parent or daughters
• Only HPGe 𝛄 spectrometry is sensitive to the SK-Gd requirements for late-chain 238U (226Ra equilibrium)

and the whole 235U chain. It is also sensitive to late-chain 232Th (228Th equilibrium) but not to
concentrations down < 0.05 mBq/kg. Typical reaches are instead ~ 0.2 mBq/kg

• HPGe techniques are slow à global effort needed: Boulby Underground Laboratory, Canfranc Underground
Laboratory and Kamioka Observatory involved (*) S. Ito et al. PTEP-2017-113H01

è a procedure to measure/control those extremely low RI Gd at the 27 batches is also a must 



Gd2(SO4)3 sample inside
Merrybent detector shield

BUGS at Boulby Underground Laboratory

Main detectors for SK-Gd are Belmont and Merrybent, p-type,
produced by Mirion (relative efficiencies 160% and 100%)

- Inside of shielding purged with boil-off N2 gas.
- Gd is packed in Marinelli beakers 448G-E

(Ga-Ma & Associates, Inc.)



Gd2(SO4)3 sample inside
GeOroel’s detector shield

Gd2(SO4)3 sample inside
Asterix’s detector shieldULBS laboratory in Hall C of LSC

Canfranc underground Laboratory

- Main detectors for SK-Gd: Asterix and geOroel (both p-type by Mirion)
- Gd in Marinelli beakers (Ga-Ma and Asso- ciates, Inc. model 445N-E). 
- extra layer of shielding made of methacrylate surrounding the lead shielding. 
- slight over-pressure created inside the copper shielding by flushing ∼ 274 L/h 

of a mixture of N2 and Rn-Free air. 



two ways. 
- A molecular recognition resin embedded in the ”Empore Radium Rad Disk” (**) was     

used to adsorb Ra from the Gd2(SO4)3 · 8H2O and increase its concentration. Disk 
is placed on top Ge.

- Use large amounts of Gd2(SO4)3 · 8H2O (~10 Kg), filling the volume inside shielding 
à optimizes relevant variable for measurement  [efficiency · mass] 

(**) S. Ito et al. PTEP-2018-091H01,  S. Ito et al. PTEP-2020-093H02

Gd salt in 4 EVOH bags; Lab. – C  Ge det. 

Cross-check by D. de Hoz, End-Degree-work, UAM 2021 

Max. mass is at cubic configuration. Others
are Marinelli type configurations

[efficiency · mass][efficiency]



In general very low backgrounds at key gamma lines  

Main HPGe detectors used for SK-GD T1 screening



For comparison: 𝛄 spectra measured
in a highly RI contaminated Gd salt

For illustration: measured 𝛄 spectra in a standard low RI Gd salt
Kamioka’s Lab-C Ge detector

Nothing ! Only 176Lu  (typical in rare earths) go above background 

J. Pérez Pérez,  Ph.D Thesis UAM 2017



Minimum Detectable Activity of our detectors 
(illustrated by two important 𝛄 lines)

609.3 KeV  𝛄 from 214Bi (238U chain-lower) 238.6 KeV  𝛄 from 212Bi (232Th chain-lower) 

SK-Gd limits reached within “couple of weeks” SK-Gd limits not reached



ICPMS resultsHP-Ge results (see additional materials for larger size)

Basically OK• first half of production: batch purities OK
• latter half: one order of magnitude more 228Ra than specs. Correlated with an intrinsically large

contaminations in raw Gd2O3 (well above the typical ~200 ppb, 176Lu also seen)
• Increase of background solar-𝛎 candidates from this 228Ra, similar as cand. in pure water phases of SK:

à To SK but, any future loading in SK will have the Gd2(SO4)3·8H2O free of that contamination.
à new method to remove the 228Ra (from Gd2O3 ) recently established see the soon-to-be-published

publicationwithalltheseworks



A summary of HPGe and ICP-MS meas. on all Gd2(SO4)3 • 8H2O batches for T1 phase of SK-Gd 

• The total SK-Gd radioactivity budget is estimated for a 0.2% loading (130 tonnes of Gd2(SO4)3 • 8H2O)
• When finite activities are obtained: extrapolate to the total mass dissolved in their corresponding batches and

add these statistically à FM
• When only upper limits are obtained: extrapolate to the total mass dissolved in their corresponding batches and

add these à UL

FMI ULItotal l
budgett

Additional procedures in the purification process were needed [and successfully achieved for phase T1.5 t.b.p.]



Summary / Conclusions / Outlook
• 13.2 tons of Gd2(SO4)3 · 8H2O (Gd salt) dissolved into Super Kamiokande in 2020 (SK Gd phase T1)

• impact of radioactive impurities in the Gd salt on DSNB search and solar-𝛎 observation studied:
à must reduce RI levels by ~3 orders of magnitude from commercially available Gd salt;
à a method to remove impurities from Gd2O3 was successfully developed.

• All the produced Gd salt was screened. Because of the low RI levels we need to use ICP-MS and HPGe
à HPGe measurements require a long time to obtain sufficient sensitivity
à establish cooperation among best HPGe det. at Boulby (UK), LSC (Spain), and Kamioka (Japan)

• first half of production OK. Second half: one order of magnitude more 228Ra than maximum
à Increase of bkg solar-𝛎 candidates from this 228Ra, similar as bkg. in pure water phases of SK:
à dissolve into SK BUT, any future loading in SK will have the Gd salt free of that contamination.
à new method to remove the 228Ra (from Gd2O3 ) recently established

• The 26 tons of Gd2(SO4)3·8H2O currently being introduced into SK (SK Gd phase T1.5) are showing, for
the time being, the required high-purity.



additional





• αs interact with the water : 

neutrons 

• there are many, naturally produced

• for instance that of 238U 

αs produced

…..

• relevant are neutrons produced from α decays
in the naturally present radioactive chains

P. Fernández Menéndez,  Ph.D. Thesis UAM 2017



• relatively high RI levels (see later)
• computed with SOURCES4C
• dominated by (α,n) reactions on 

oxygen 18O
• multiplicity of two in them 
• for the radioactivity levels taken        

5.1·10-13 neutrons/s/cm3

Main radiation produced by RI: neutrons 
example from 232Th, 235U, 238U chains in SuperK-Gd  for “market 
standard” Gd2(SO4)3

P. Fernández Menéndez,  Ph.D. Thesis UAM 2017


